Development of effective, yet safe, antithrombotic agents has been challenging because such agents increase the propensity of patients to bleed. Recently, naturally occurring polyphosphates such as extracellular DNA, RNA, and inorganic polyphosphates have been shown to activate blood coagulation. In this report, we evaluate the anticoagulant and antithrombotic activity of nucleic acid-binding polymers in vitro and in vivo. Such polymers bind to DNA, RNA, and inorganic polyphosphate molecules with high affinity and inhibit RNA-and polyphosphate-induced clotting and the activation of the intrinsic pathway of coagulation in vitro. Moreover, ½NH 2 ðCH 2 Þ 2 NH 2 ∶ðG ¼ 3Þ;dendri PAMAMðNH 2 Þ 32 (PA-MAM G-3) prevents thrombosis following carotid artery injury and pulmonary thromboembolism in mice without significantly increasing blood loss from surgically challenged animals. These studies indicate that nucleic acid-binding polymers are able to scavenge effectively prothrombotic nucleic acids and other polyphosphates in vivo and represent a new and potentially safer class of antithrombotic agents.
T hrombosis remains one of the leading causes of death and disability in the Western world despite the development of various anticoagulants for treatment of deep vein thrombosis, stroke, atherosclerosis, and other cardiovascular diseases, cardiac interventions, and metastatic cancers (1) (2) (3) . Thrombotic episodes during these conditions can be managed by various antithrombotic and anticoagulant drugs, which can also produce moderate to severe side effects (2, (4) (5) (6) (7) . Hence, development of an effective, yet safe, anticoagulant remains a long-sought objective. Recently, naturally occurring polyphosphates such as extracellular RNA, DNA, and inorganic polyphosphates have been reported to be potent activators of the coagulation cascade. Extracellular RNA activates coagulation though activation of factors XII and XI in vitro and in vivo (8) . In addition, extracellular RNA has also been found to act as cofactor for the activation of factor VII-activating protease (FSAP) (9) . DNA-rich neutrophil extracellular traps (NET) have been found to promote thrombosis (10) . Inorganic polyphosphates, which are stored in dense bodies of mammalian platelets and secreted on platelet activation, can activate the contact pathway of coagulation and strengthen fibrin clots. Polyphosphates have been shown to accelerate factor XI activation by thrombin and factor Xa (11) . Polyphosphates can also inhibit the activity of tissue factor pathway inhibitor (TFPI) and accelerate the activity of thrombin-activatable fibrinolysis inhibitor (TAFI) (12, 13) . In the blood of hemophilia A and B patients and Hermansky-Pudlak syndrome patients, polyphosphates significantly reduce the clotting times (14) . Moreover, platelet polyphosphates have also been reported to be proinflammatory and polyphosphate-factor XII binding results in the release of the inflammatory mediator bradykinin by plasma kallikrein-mediated kininogen processing (14) . Taken together, all these observations suggest that naturally occurring polyphosphates such as extracellular DNA, RNA, and inorganic polyphosphate are potent activators of the coagulation cascade and represent a potential therapeutic target for novel anticoagulation strategies.
Recently, we discovered that nucleic acid-binding polymers (NABPs) can act as molecular scavengers and counteract the activity of any nucleic acid aptamer regardless of its sequence, as well as inhibit RNA-and DNA-mediated activation of Toll-like receptors (TLRs) and inflammation (15, 16) . The observations that nucleic acids and other polyphosphates are involved in thrombosis led us to hypothesize that such scavengers may also be able to inhibit polyphosphate-mediated thrombosis. Therefore, we sought polymers that could bind all of these classes of polyphosphates with high affinity. In this report, we screened a wide variety of nucleic acid polymers using in vitro clotting assays for their potential to inhibit activation of coagulation cascade and to identify the best suitable NABP to act as a potent and safe anticoagulant and antithrombotic agent. Based on the results of in vitro experiments, we explored the anticoagulant and antithrombotic properties of a widely used NABP: generation-3 PAMAM G-3, ½NH 2 ðCH 2 Þ 2 NH 2 ∶ðG ¼ 3Þ;dendri PAMAMðNH 2 Þ 32 . PAMAM G-3 is a polycationic polyamine polymer (MW 6909) with a core of 1,4-diaminobutane. It has a diameter of 36 Å with the 32 surface amine groups (17) . It has a high degree of molecular uniformity, narrow molecular weight distribution, well-defined size and shape characteristics, and a highly functionalized terminal surface (18) . Because of these characteristics, PAMAM has been proven to be extremely useful for a variety of applications, such as gene therapy, molecular diagnostics, controlled drug delivery, and imaging, in the field of biomedical sciences (17, 18) .
Results
Nucleic Acid-Binding Polymers Inhibit Polyphosphate-Mediated Coagulation in Vitro. As previously described, inorganic polyphosphates (PolyP) act as strong activators of the coagulation cascade and can replace the routinely used activator, kaolin, in standard blood clotting assays (19) . We utilized inorganic polyphosphate with the average chain length of 60 and 130 as activators for coagulation cascade to screen different NABP for their anticoagulant activity in vitro. Inorganic polyphosphates 60 and 130 decreased the clotting times of normal pooled human plasma by over 100 s when added at a concentration of 20 μM (Fig. 1) . Then, we evaluated the ability of NABP's CDP (β-cyclodextrincontaining polycation), HDMBr (hexadimethrine bromide), PAMAM G-1 (polyamidoamine dendrimer, 1,4-diaminobutane core, generation 1), PAMAM G-3, and PAMAM-G5 to reverse this procoagulant activity of inorganic polyphosphates (Fig. 1) . All polymers showed anticoagulant activity in a dose-dependent fashion. At the concentration of 60 μg∕mL CDP completely inhibits the inorganic polyphosphate 60-and 130-mediated activa- tion of clotting ( Fig. 1 A and B) , whereas HDMBr inhibited inorganic polyphosphate 60-and 130-mediated clotting at the concentrations of 10 μg∕mL and 20 μg∕mL, respectively ( Fig. 1 C  and D) . Three different generations of PAMAM (G-1, G-3, and G-5) also displayed significant anticoagulant activity. PA-MAM G-1 inhibited polyphosphate 60-and 130-mediated clotting at the concentrations of 4 μg∕mL and 10 μg∕mL, respectively ( Fig. 1 E and F) . At concentrations as low as 2 μg∕mL and 2.5 μg∕mL both PAMAM G-3 and G-5 were able to reverse the procoagulant effects of PolyP 60 and PolyP 130, respectively ( Fig. 1 G-J) . These results demonstrate that NABPs can counteract polyphosphate-mediated activation of coagulation. Although all polymers showed anticoagulant activity in vitro, we chose to focus upon PAMAM G-3 for additional in vitro characterization and in vivo thrombosis studies because, along with PAMAM G-5, it was effective at the lowest concentration and has been reported to have lower toxicity than PAMAM G-5 (20) .
PAMAM G-3 Binds with High Affinity to Various Polyphosphates in
Vitro. Previously, we reported that a PAMAM G-3 binds to ssRNA, dsRNA, and ssDNA with high affinity (16) . Hence, using isothermal titration calorimetry (ITC), we investigated whether PAMAM G-3 binds to inorganic polyphosphates and dsDNA with high affinity. As shown in Tables 1 and 2 , we found that PAMAM G-3 binds PolyP 60 with a higher affinity (
-the larger the number of phosphates in the inorganic polyphosphate chain (130 versus 60), the higher the affinity. In addition, we observed that PAMAM G-3 binds long dsDNA (plasmid) with a similar high binding affinity
. Thus, PAMAM G-3 binds with high affinity to prothrombotic polyphosphates such as DNA, RNA, and inorganic polyphosphates.
PAMAM G-3 Inhibits Activation of the Contact Pathway. In addition to inhibiting PolyP 60-and 130-mediated activation of clotting, PA-MAM G-3 also inhibits RNA-mediated (Poly I:C) activation of clotting ( Fig. 2A) , indicating that NABPs can inhibit activation of clotting by various types of extracellular polyphosphates. In addition, we observed that PAMAM G-3 can inhibit activation of the contact pathway of coagulation. In a standard activated partial thromboplastin time (aPTT) clotting assay, which employs a nonphysiological anionic activator of coagulation kaolin, PAMAM G-3 inhibited clotting in a dose-dependent fashion (Fig. 2B) . By contrast, PAMAM G-3 did not significantly impact tissue factor-initiated coagulation as measured in a prothrombin time (PT) clotting assay (Fig. 2C ). These findings indicate that the NABP PAMAM G-3 inhibits activation of the contact or intrinsic pathway of coagulation by polyanions without impacting activation of the extrinsic pathway of coagulation.
To examine the anticoagulant properties of PAMAM G-3 in the more relevant physiological setting of human blood, we evaluated its effect on clotting in thrombelastography (TEG) assays (Fig. 2D) . Polyphosphate 60 can activate clotting in whole blood as measured in a TEG assay and shorten the lag time (time to start clot formation). The lag time (R) in whole blood with polyphosphate 60 (140 μM) was 21.9 min as compared to 27.8 min for whole blood without polyphosphate treatment. Addition of PAMAM G-3 (200 μg∕mL) to the blood inhibited the polyphosphate-mediated clot formation and increased lag time from 21.9 min to 64.4 min. PAMAM G-3 also slowed down the rate of clot formation (α) (Fig. 2E ). All together, these observations show that PAMAM G-3 inhibits the formation of extracellular RNA and inorganic polyphosphate-engendered clots in human plasma and whole blood in vitro.
PAMAM G-3 Inhibits Thrombosis in Vivo. To evaluate the ability of the NABP PAMAM G-3 to inhibit thrombosis in vivo, we utilized two mouse models of thrombosis: the FeCl 3 -induced carotid artery injury model and collagen/epinephrine-induced pulmonary thromboembolism model. We observed that the mean time for the occlusion of the carotid artery after FeCl 3 treatment was 4 min 30 s for control mice treated with saline (n ¼ 12). By contrast, none of the vessels in mice treated with PAMAM G-3 (20 mg∕kg) were occluded in 5 min, and 11 of the 12 animals showed no occlusion of the carotid artery for greater than 40 min following FeCl 3 -induced damage (Fig. 3A) . Only 50% of animals showed patent artery after 40 min following FeCl 3 -induced damage at a 15 mg∕kg dose (Fig. 3A) . Histological analysis of damaged arteries from FeCl 3 -challenged animals confirmed that large thrombi had formed in control-treated animals (Fig. 3B) , although no clot was apparent in PAMAM G-3-treated animals (Fig. 3C ).
An additional mouse model of thrombosis, collagen/epinephrine-induced lethal pulmonary thromboembolism, was also used to evaluate antithrombotic activity of PAMAM G-3 in vivo in the microvasculature. None of the control-treated (normal saline) mice (n ¼ 11) survived beyond 3.5 min after the injection of collagen/epinephrine, although 83% of mice treated with PAMAM G-3 (20 mg∕kg; n ¼ 12) survived for more than 30 min after administration of collagen/epinephrine mixture, indicating that PAMAM G-3 also has potent antithrombotic activity in the setting of pulmonary thromboembolism (Fig. 3D) . Moreover, histological analysis demonstrated that microvessels in the lungs of control-treated animals contain thrombi (arrows in Fig. 3E ), whereas such vessels in animals treated with PAMAM G-3 were largely patent (arrows in Fig. 3F ). These observations demonstrate that PAMAM G-3 has a strong antithrombotic effect in two mouse models: a carotid-large artery damage thrombosis model and a pulmonary embolism-microvessel thrombosis model.
PAMAM G-3 Does Not Increase
Bleeding. Most of the commonly used antithrombotic agents come with an inherent risk of severe or fatal bleeding (21) (22) (23) (24) . To assess the effect of PAMAM G-3 administration on bleeding, we surgically challenged mice treated with the NABP PAMAM G-3 by tail transection and monitored blood loss. We evaluated the effect of intravenous treatment of PAMAM G-3 (20 mg∕kg), heparin (200 U∕kg), and saline on total blood loss caused by tail transection (Fig. 3G) . Mean blood loss caused by tail injury for over 10 min was 18 μL in normal saline-treated mice (n ¼ 11) versus 19 μL in PAMAM G-3-treated mice (n ¼ 10). No significant difference in blood loss was observed between saline-treated and PAMAM G-3-treated mice (P ¼ 0.48). Taken together with the observations obtained in carotid artery injury assay, these results suggest that PAMAM G-3 prevents thrombus formation without increasing bleeding. By contrast, heparin (200 U∕kg) treatment of mice results in significant bleeding following tail transection (saline versus heparin treatment, 18 μL versus 69 μL). Elsewhere, it has been reported that the same concentration of heparin is required to maintain artery patency in mice treated with FeCl 3 , suggesting that the commonly used anticoagulant heparin can induce severe bleeding when utilized at the dose required to inhibit thrombosis in carotid artery damage model (25) . These outcomes suggest that PAMAM G-3 is an anticoagulant that can be used with a reduced risk of bleeding. These results also underscore the important role that naturally occurring extracellular polyphosphates such as DNA, RNA, and inorganic polyphosphates play in thrombosis, but the limited role that they appear to play in maintaining normal hemostasis.
Discussion
Taken all together, these in vivo observations suggest that the NABP PAMAM G-3 can inhibit coagulation and thrombosis without greatly increasing the propensity to bleed. Because PAMAM G-3 and other existing NABPs were not engineered to be antithrombotic agents, we fully anticipate that ample opportunities now exist to engineer novel NABPs with improved extracellular polyphosphate-scavenging properties and reduced toxicities compared to the currently available NABPs. Nucleic acid-binding polymers have been extensively studied for their function as carriers of different drugs, nucleic acids, and small molecules. Because our studies indicate that nucleic acid-binding polymers such as PAMAM exhibit antithrombotic activity in vivo, such polymers should be evaluated for their effects on coagulation during their therapeutic development. Regardless, our results with PAMAM G-3 demonstrate the potential utility of NABPs as anticoagulants for treating various thrombotic pathologies as well as their use during various cardiac interventions. We chose two different animal models of thrombosis, arterial (FeCl 3 -induced carotid artery injury model) and microvascular (collagen/epinephrine-induced pulmonary thromboembolism) to evaluate the antithrombotic effect of PAMAM G-3. The carotid artery injury model is widely used to assess thrombosis in large vessels as a model for myocardial infarction and thrombotic stroke. By contrast, thrombosis in the microvasculature is often evaluated in animals using the collagen/ epinephrine-induced pulmonary thromboembolism model we employed. Therefore, in this manuscript we determined that PAMAM G-3 not only inhibited thrombosis in large vessels, such as in a damaged carotid artery, but also had antithrombotic effects in the microvasculature.
A major unmet clinical need exists for developing improved antithrombotic agents because the anticoagulants currently utilized may also cause side effects such as severe and fatal bleeding, adverse immunological responses, and thrombocytopenia, as well as have unpredictable pharmacokinetics (23, 24, 26) . We observe that at concentrations that limit thrombosis, PAMAM G-3 does not significantly increase bleeding in a murine tail-transection model. The most likely explanation for this observation is that PAMAM G-3 is inhibiting polyphosphates and nucleic acids from inducing thrombosis by limiting their ability to activate factors XI and XII (10) (11) (12) (13) (14) (15) (16) . Recent studies on factor XII-and XI-deficient mice demonstrate that these factors appear to be important for thrombosis yet less important for normal hemostasis (27, 28) . Thus, PAMAM G-3 may achieve its anticoagulant effect without greatly increasing bleeding by limiting activation of factor XII and XI. Though the clinical development of any novel therapeutic strategy is challenging, it will be interesting to determine if by scavenging extracellular nucleic acids and other polyphosphates, NABPs represent a new and safer approach to control coagulation and limit thrombosis in patients undergoing cardiac interventions, such as percutaneous coronary intervention and coronary artery bypass graft surgery, or who require chronic anticoagulation therapy for limiting pathologic conditions, such as venous thromboembolism, myocardial infarction, stroke, and cancer-induced thrombosis. Future studies that evaluate the pharmacology and toxicology of NABPs for treating thrombotic diseases as well as efforts to engineer novel NABPs for such applications are warranted.
Materials and Methods
Isothermal Titration Calorimetry. ITC was conducted using a MicroCal VP-ITC calorimeter, as described elsewhere (16) .
Clotting Assay. Polyphosphates (approximately 60 mer and 130 mer; RegeneTiss Inc.). were added to 50 μL of normal pooled human plasma (George King Bio-Medical Inc.). and the reaction was incubated at 37°C for 3 min. Normal saline or PAMAM G-3 (Sigma-Aldrich) was added and the reaction was incubated at 37°C for 3 min, followed by the addition of 50 μL CaCl 2 (25 mM). Clotting times were recorded using STart® Hemostasis Analyzer (Diagnostica Stago).
aPTT and PT assays. aPTT assays and PT assays were performed using TriniCLOT aPTTs (TrinityBiotech) and TriniCLOT PT Excel (TrinityBiotech), respectively, following supplier guidelines. Clotting times were recorded using STart® Hemostasis Analyzer (Diagnostica Stago).
Thrombelastography. Freshly withdrawn blood (320 μL) from healthy human donors was incubated with polyphosphates at 37°C for 5 min, followed by the addition of dendrimer PAMAM G-3 or normal saline. The reaction was incubated at 37°C for 5 min and 20 μL CaCl 2 (200 mM) was added. Clot formation was recorded using TEG 5000 Thrombelastograph (Haemoscope Corporation) analyzer for 45 min. The whole procedure was approved by the Institutional Review Board of Duke University (Durham, NC).
Carotid Artery Injury Assay. Animal procedures were performed using 10-14-wk-old wild-type female C57BL/6J mice (Jackson Laboratory). Mice were induced by gas inhalation (5% Forane; Baxter). Mice were then intubated and mechanically ventilated (rodent ventilator 683; Harvard Apparatus) with maintenance of anesthesia by 2-2.5% Forane during procedure. Mice were injected with PAMAM G-3 or normal saline into the lateral tail vein in a total volume of 200 μL. Right common carotid artery was exposed. A transonic laser 0.5-PSB transit-time flow probe (Transonic Systems Inc.). was placed around the artery to measure the blood flow. Two small pieces of filter paper (1 mm by 2 mm) saturated with 2.5% FeCl 3 were placed on both sides of the carotid artery for 3 min (25) . Filter papers were removed and blood flow was monitored for more than 40 min using TS420 perivascular flowmeter (Transonic Systems) and LabChart software (ADInstruments). All experimental protocols involving animals were approved by the Duke University Institutional Animal Care and Use Committee (Durham, NC).
Pulmonary Thromboembolism. Mice were anesthetized using the same method described above. Mice were injected with PAMAM G-3 or normal saline into the left retro-orbital plexus. After 30 min, a mixture of collagen (0.8 mg∕kg; Chronolog) and epinephrine (60 μg∕kg; Hospira) was injected via right retro-orbital plexus. Mice were carefully observed for respiration to report survival time after the injection of collagen/epinephrine.
Tail-Bleeding Assay. Mice were anesthetized using the same method described above. PAMAM G-3, heparin (APP Pharmaceuticals), or normal saline was delivered to mice via retro-orbital plexus. After 15 min, 3 mm of distal mouse tail was removed and the tail was immediately immersed in 1 mL isotonic saline (37°C). Blood was collected for 10 min after tail transection. The total blood loss was determined by measuring the absorbance of the blood containing normal saline at 560 nm, as described elsewhere (29) . A standard curve method was used to calculate the total blood loss caused by tail transection. All experimental protocols involving animals were approved by the Duke University Institutional Animal Care and Use Committee (Durham, NC).
